Purpose: To evaluate utility, pattern, and extent of perfusion abnormalities in traumatic brain injury by using whole-brain computed tomography perfusion (CTP) and to assess co-relation of CTP data clinically with Glasgow outcome score (GOS). Materials and Methods: Prospective analytic evaluation of the traumatic head injury patients who were immediately taken up for CTP was done. Patient's demographic, clinical, and radiological findings were tabulated and analyzed. GOS was measured by a neurosurgeon after 3 months of trauma who was blinded to CTP results. Results: Of the 78 patients included in this study, 28 patients were found to have GOS 5, 19 of them had GOS 4, 27 of them had GOS 3, and 4 of them had a GOS 2. Higher mean cerebral blood flow (CBF) and cerebral blood volume (CBV) values were observed in those who had a better GOS, i.e., 4 or 5, whereas those in the GOS range ≤3 had lower mean CBF and CBV values. Conclusion: Statistically significant positive correlation was found between cerebral perfusion parameters with that of GOS. CBF of frontal area shows better correlation with GOS. CBF was the most important predictor among all the perfusion parameters.
Introduction
Traumatic brain injury (TBI) is a leading cause of mortality and morbidity worldwide. [1] It is the leading cause of disability in young patients globally, especially those <40 years of age. [2] Data for 2005 in India had shown that road traffic injuries resulted in economic losses of up to 3% of the gross domestic product as estimated for the year 2005. [3] A vast majority of TBI is classified as mild, with most showing adequate and quick recovery. However, some may show persistent disabling symptoms that interrupt with their normal daily routine activities. [4] Severe brain injury has been found to be the most important predictor of unfavorable outcome in patients even with associated multiple extra-cranial injuries. [3] Therapeutic decisions are based on providing prognostic information; however, accurate clinical assessment is frequently lacking in these cases. [1] TBI not only causes structural damage in the form of contusions or diffuse axonal injury but also causes secondary alterations in hemodynamic parameters leading to ischemia and cellular dysfunction. Multiple mechanisms are thought to be involved in pathophysiology of ischemia following TBI, which include direct vessel autoregulatory failure leading to hypotension, paucity of nitric oxide or cholinergic neurotransmitters, and vasoconstriction. [4] Noncontrast computed tomography (NCCT) is the initial diagnostic modality in trauma but around 20% of patients with normal scans on admission later show suboptimal outcome. NCCT can underestimate the lesion size and can also provide little information on secondary ischemic injury. [4, 5] Various techniques, such as single photon emission computed tomography (SPECT), positron emission tomography (PET), and Xenon perfusion, have been used over the years that provide information regarding injury and prognosis in TBI patients. [3] Computed tomography perfusion (CTP) is an imaging technique that uses dynamics of injected contrast material and allows rapid qualitative and quantitative evaluation of cerebral perfusion by generating cerebral blood flow (CBF), cerebral blood volume (CBV), and mean transit time (MTT) maps providing clinically important information in patients with stroke, subarachnoid hemorrhage (SAH), and head injury. [5, 6] CT scan is universally available, rapid, and provides quantitative data that designate CTP the preferred modality of choice in emergency settings. [5, [7] [8] [9] [10] Magnetic resonance (MR) perfusion gives only semi-quantitative information and is not frequently used in trauma or SAH patients. [11] [12] [13] Other techniques, such as SPECT, PET, and Xenon perfusion CT, have come up in the past for evaluating extent of injury and providing information regarding injury and prognosis. CTP can provide equivalent information to these modalities with advantages of easy availability, short acquisition time, and lower radiation dose. [9, 10] To the best of author's knowledge, this is the first study performed comparing CTP parameters with clinical outcome in Indian subset population.
Materials and Methods
This prospective study was conducted over a period of 1 year with enrollment of 92 patients with TBI. Inclusion criteria included presence of closed TBI, age group 18-60 years, and Glasgow coma score (GCS) range 4-15 (mild head injury: GCS >14; moderate head injury: GCS = 9-13; severe head injury GCS <8). Exclusion criteria included presentation after 24 hours of injury, major hemorrhagic contusion, presence of SAH, or extradural hematoma (EDH) requiring surgical intervention, renal dysfunction, pregnancy, hypotension, hyperglycemia, known allergy to iodine, or serious systemic injury. Patients with poor GCS (<4) and significant brain contusion injury were excluded from this study as these patients undergo surgical interventions and hospital admissions.
Computed tomography technique
Whole-brain CTP was performed following NCCT with LightSpeed VCT, GE Health Systems, 64-slice multiple detector CT (MDCT) scanner after intravenous nonionic iodinated contrast. The acquisition parameters for CTP were 80 kV and 200 mAs. CTP acquisition was initiated 7 s after injecting 50 ml of nonionic low osmolar contrast agent (300 mg/100 ml of iodine) at a rate of 5 ml/s in the antecubital vein through power injector followed by saline flush. A single slab of 8 cm covering the whole brain was used for perfusion information. After data acquisition, images were transferred to a postprocessing workstation where Terarecon software was used to create parametric maps for clinical interpretation, which includes CBV, CBF, and MTT. Perfusion parameters obtained were analyzed by drawing 15 mm × 15 mm region of interest (ROI) in frontal and parietal lobes at the level of centrum semi-ovale and in temporal and occipital lobes at the level of thalamus with comparative ROI on opposite side [ Figures 1-3 ]. Results were compared with Glasgow outcome score (GOS) [2, 3] [ Figure 4 ]. GOS was assessed by a neurosurgeon after 3 months of trauma who was blinded to CTP results at the outpatient clinic or over the phone when patient could not be contacted in person.
Statistical analysis
Continuous data were given as mean ± SD and range. Normality of quantitative data was checked by measures of Kolmogorov-Smirnov tests of normality. For comparison of two groups GOS ≤3 and >3 independent t-test was used. 
Results
Of the 92 patients who fulfilled the inclusion criteria and enrolled for the study, data of only 78 patients were evaluated as the data of 11 patients could not be analyzed due to motion artifacts and data concerning outcome was missing in 3 patients due to loss of follow-up. Patient characteristics are displayed in Table 1 . The mean time following trauma and CTP scanning was 3.9 hours. CTP scanning involved no complication or adverse reactions to the contrast material. On follow-up at 3 months, 28 patients had a GOS of 5, 19 had GOS of 4, 27 had GOS of 3, and 4 had a GOS of 2.
In the study patients with higher mean CBF and CBV values had a better GOS, i.e., 4 or 5 on follow-up, whereas those with lower mean CBF and CBV values had poor GOS at follow-up. We also found that CBF of frontal area showed better correlation with GOS, and CBF was the most important predictor among all the perfusion parameters.
Discussion
TBI causes various structural as well as hemodynamic changes which may not be visible using conventional NCCT. [4, 5] Mild TBI has been found to be associated with physical and psychosocial dysfunction leading to significant disability with persistent headaches and memory deficits. [14] Metting et al. [4] performed a study evaluating the CTP results in varied severity of head injury. They found relation between cerebral perfusion and severity of injury (GCS). They found that those with a GCS score <15 had significantly reduced CBF and CBV in the frontal and occipital gray matter, while those with a score of 15 showed a relatively greater CBF in the frontal white matter. They used two thick slabs of 14.4 mm coverage each at the level of basal ganglia, thalami, and third ventricle. Their technical limitation of limited coverage and positioning of slabs could have missed perfusion changes in the other regions of the brain. This study was technically superior to them as we had had whole brain coverage reflecting changes in all the regions of the brain. Mean duration of data acquisition from admission to hospital 3.9 h (SD±2.2)
Mild head injury (GCS ≥14) 42
Moderate head injury (GCS 9-13) 23
Severe head injury (GCS <8) 13
Presence of mild hemorrhagic contusion, minimal SAH, EDH
Wintermark et al. [5] performed their CTP study in head injury patients. They demonstrated that reduced CBF and CBV on admission were also predictive of outcome in severe head injury patients. Their study included 130 patients with severe trauma having a GCS of 8 or less. Clinical variables, NCCT, and CTP scans were compared to GOS at 3 months. They found that patients with a GOS score of 3-5 had high rCBF values, whereas patients with a GOS score of 2 or less showed low rCBF values. They concluded that CTP provides important prognostic information in head trauma patients. Their study had limited coverage with placement of only two 10 mm slabs. [15] observed that CBF and CBV in the perilesional brain parenchyma are altered. They found that there was increase in the size of hematoma in the follow-up CT scan in areas showing perilesional ischemia. This observation is also helpful in prognostication of head injury patients. However, in this study we excluded patients with significant contusions and thus similar observations were not demonstrated. Previous studies have been done in Indian subset of patients with head trauma for prognostication. Dhandapani et al. [16] evaluated patients with mild to moderate head injury with GCS score of 9-14 who underwent MR spectroscopy (MRS) and/or SPECT and compared them with various clinical factors and neurological outcome at 3 months. They found that SPECT has higher sensitivity and prognostic value than single voxel proton MRS in head injury patients. They also found that severe hypoperfusion in SPECT was associated with unfavorable outcome, independent of other confounding factors. An association with advanced age and lower socioeconomic status resulting in poor outcome have also been mentioned in previous studies. [17, 18] This is the first study in India comparing CTP with GOS in head injury patients. We carried CTP with whole brain coverage to evaluate prognostic information of the traumatic head injury. The results had shown correlation of GOS at 3 months from the scan and cerebral perfusion parameters. This finding is in agreement with previous studies, which evaluated the role of CTP on the prognosis of TBI. [4, 5] The use of these modalities leads to optimal treatment decisions and therapeutic interventions in those predicted to have a good outcome. Though CTP is associated with increased radiation dose, most of the patients undergoing CTP are adult patients needing emergent intervention. In this setting, we believe that the benefits of perfusion CT examination are likely to outweigh the risk from radiation. Risk of radiation with CTP is comparable to single-phase Xenon perfusion CT, which comes with much higher radiation and lower spatial resolution. Radiation is also lesser than PET and SPECT. Protocols wherein CT angiography and CTP are simultaneously acquired with the use of MDCT scanners can be an answer to the radiation dose issues, which is possible with the use of MDCT scanners. Based on this data and previous results, it is observed that CTP provides important information regarding prognosis of the patients with TBI. We suggest the use of CTP as a problem-solving tool in cases of clinico-radiological discordance or when there is patient deterioration in spite of adequate treatment.
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Limitations
Standardization of the ROI measurement site is required for better reproducibility and for comparison of different studies. We used ROI as described with the rational of covering and obtaining perfusion information from all the lobes. Inhomogeneity among the patient population was another drawback. Standardized protocols are needed for uniform database and reproducibility. Follow-up was done for 3 months in the study, which could be a limitation, as a longer follow-up may have shown alteration of GOS. Most of the patients in this study had mild head injury. Therefore, there is a need for a study with larger sample size, with better stratification of age groups and equal distribution of sex ratio. Motion of the patient, especially trauma victims could make most of the studies noninterpretable as seen in some of the cases. Also, there is less scope for sedation of these patients as it may hinder in assessment of clinical status for further management.
A small number of patients had shown presence of minimal EDH, SAH, or small contusion, which may interfere with final GOS. However, these were considered to be therapeutically insignificant at the time of initial evaluation by the neurosurgeon. Future studies directly comparing CTP with PET and SPECT can help further validate the use of this widely available modality in prognostication.
Conclusion
CTP is an established modality to evaluate tissue perfusion and should be used as a problem-solving tool in select cases where there is clinico-radiological discordance or patient deterioration in spite of adequate treatment. The ready availability, less time consumption, and provision for quantitative data make CTP the preferred modality of choice. CTP can provide information regarding extent of injury, underlying physiological changes, and prognosis for recovery of comparable accuracy at the rate of low radiation dose as compared with SPECT, PET, and Xenon perfusion CT.
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